Micromagnetic modelling is used to establish the dimensional scaling dependence of the magnetic fields required for domain wall injection and chirality dependent pinning in planar permalloy nanowires with asymmetric structural notches. The wire width, thickness and notch constriction width are systematically varied whilst the axial magnetization is reversed under a globally applied magnetic field. A component of magnetic field transverse to the direction of propagation is applied throughout the reversal to control the domain wall chirality, and therefore determine the strength of pinning at the notch. We deduce that thicker wires with a narrower width cause larger depinning fields and stronger chirality dependent pinning, an observation relevant for domain wall memory applications, and particularly those exploiting chirality dependent pinning in nanowires.
Introduction
Magnetic nanowires can effectively act as conduits for propagating domain walls. They constitute the basis for several proposed magnetic memories based upon the controlled movement of magnetic domains [1] [2] [3] . The structure and dynamical deformation of domain walls propagating along a nanowire under the influence of a magnetic field [4] or a spin polarized current [5, 6] vary significantly with wire width and thickness and with wall velocity [7] [8] [9] . The micromagnetic structure of domain walls in nanowires can be classed as vortex or transverse, and assigned a chirality which describes the sense of rotation of the spins in the wall -clockwise or counterclockwise. It has been shown that the interaction of domain walls with structural features on one side of a wire which breaks the axial symmetry depends upon the chirality of the wall [3, 10] , and this has been proposed as a mechanism for storing multiple bits of data in an elongated magnetic memory structure [3, 11] .
In this paper we analyse micromagnetic simulations of the field induced formation, propagation and pinning of domain walls in notched nanowires of different widths, thicknesses and notch depths. We identify size constraints and write field margins which together allow strong discrimination between the write sequences needed to store different magnetization states in a magnetic memory based on chirality dependent pinning in nanowires.
In a linear quasi-infinite planar permalloy (Ni 81 Fe 19 ) nanowire magnetization is strongly influenced by the shape anisotropy, and the lowest energy magnetization * corresponding author; e-mail: d.s.eastwood@durham.ac.uk state occurs when there is single uniform magnetic domain directed along the wire axis and excluding any domain walls. A domain wall can be introduced either by attaching a low coercivity section to one end of the nanowire or by passing a current through an overlaid micron-scale strip line [12] . Domain walls formed in nanowires with high cross-sectional aspect ratios are confined by shape anisotropy to have local magnetization predominantly confined in the plane of the sample. In the limit of narrow, thin nanowires the most energetically favourable domain wall is a Néel-type transverse wall [8] .
Here we use a 3 µm × 2 µm permalloy rectangular "pad" at one end of the nanowire (as shown in Fig. 1 ), which switches magnetization under the application of a relatively low magnetic field. The domain wall is initially pinned at the pad-wire junction, and is injected into the wire when the axial field reaches a threshold H inj . If the domain wall chirality is incompatible with the notch geometry, it is strongly pinned at the notch until the axial field exceeds the depinning field H depin .
There have been many studies on domain wall propagation in thin film nanowires, reporting several key findings. In small axial fields, domain wall motion is laminar and the velocity v ∝ 1/α where α is the damping coefficient [8, 13] . In higher fields domain wall motion becomes turbulent and domain wall velocity can be significantly reduced. This is characterized as the Walker breakdown, in which precessional motion of local spins results in the formation of anti-vortex structures at wire edges, causing a periodic stalling and retrograde motion of the wall and acts to disrupt its chirality [14] . It is known that increasing α causes the threshold field for the onset of the Walker breakdown to increase [8] , and that rougher edged wires can also inhibit the Walker breakdown by preventing the (719) nucleation of anti-vortices and, therefore, increasing the domain wall velocity [15] . We chose to follow an alternative method described by Bryan et al. [16] , inhibiting the Walker breakdown by applying a constant transverse field, H transverse = ±20 Oe during motion. This creates a Zeeman interaction which encourages the domain wall to lie transverse to the wire axis with a central moment lying parallel to the transverse field. From previous experimental and theoretical work we know that different chiralities of wall are pinned at a notch on the upper edge of the wire with different strengths [3, 17] . This transverse field also serves to set the initial chirality of the transverse wall during formation in the injection pad.
Micromagnetic simulation methodology
All of the micromagnetic simulations were performed using the public domain OOMMF software [18] which iteratively solves the Landau-Lifshitz equation for an assembly of discrete nanoscale "spins" under the influence of a spatially and temporally varying effective field. Here the simulations were quasi-static. The parameters used in the simulation were: damping parameter α = 0.05,
and zero magnetocrystalline anisotropy, which is a reasonable representation of polycrystalline Ni 81 Fe 19 . In this work thin-film nanowires with thicknesses, t, between 3 nm and 20 nm were modelled using a 2D mesh of 3D spins. The cell size was t × 8 nm × 8 nm which was slightly larger than the exchange length of 5-6 nm, and produced results consistent with identical test simulations using smaller cells. The initial magnetic state was with the wire and pad saturated in the negative axial direction. In simulations the magnetic field was incremented in steps of +2.5 Oe until a domain wall was nucleated and had propagated along the full length of the wire. The simulation convergence criteria for each field step was |M × H|/M i.e. when this condition was satisfied for every cell in the simulation it was assumed that the system was in equilibrium, and the axial field was then incremented further. Figure 2 shows, by way of example, the instantaneous magnetization states observed during the simulation of injection, propagation and pinning into a nanowire of width 200 nm, thickness 10 nm and notch depth 100 nm. Initially the wire is saturated in the negative direction by a large negative axial magnetic field. The axial field is then reversed in increments of 2.5 Oe in the presence of a constant transverse field of +20 Oe directed upwards in the figure. The chirality of the transverse domain wall which is formed at the pad-wire junction points upwards (Fig. 2a) . At the injection field H inj = 87.5 Oe the transverse domain wall is injected from the pad into the wire and propagates along the wire at this field, retaining its transverse structure (Fig. 2b) . Initially, the magnetization around the notch is constrained by local shape anisotropy and follows the edge of the nanowire, meaning that the spins to the right hand side of the notch are tilted downwards and oppose the leading spins in the domain wall. When the domain wall reaches the notch it is pinned just to the left of the constriction (Fig. 2c) , as has been reported elsewhere [10, 19] . As the axial field increases further, the domain wall remains pinned to the left of the notch, but simulations show that the exchange and magnetostatic energies increase causing the domain wall to deform and ultimately pass through the constriction. At H depinning = 285 Oe the energy supplied by the magnetic field is sufficient to overcome the potential barrier of the notch and the domain wall propagates along the wire before being annihilated at the sharp tip at the end of the wire. By contrast, when a domain wall is formed in the presence of a downwards pointing transverse field it has the opposite chirality, and the depinning field (from a notch of 50% wire depth) is less than the injection field, so the wall is not pinned and the wire is fully reversed at the injection field. For applications of nanowires in memory or sensor applications, the scaling of domain wall injection and depinning fields as a function of wire dimensions may be important. In the example given above the write field margins (the difference between the injection field of 87.5 Oe and the depinning field of 285 Oe) offers a large discrimination between pinning a domain wall at the notch or a fully reversing the wire. We will now consider the effect of changing the wire and notch dimensions. The injection and depinning fields for both chiralities of domain wall as a function of wire width are presented in Fig. 3 (all for a notch depth of 50% wire width). The most fundamental observation is that domain walls with a downwards moment formed by H transverse = −20 Oe ("down walls") pass the notch at or close to the injection field, but that domain walls with an upwards moment formed in H transverse = +20 Oe ("up walls") have a much higher depinning field, as has been demonstrated previously over a more limited range of wire widths [3] . Both injection and depinning fields decrease as the wire width increases, displaying an inverse relationship. This trend agrees with our earlier experimental measurements (on Fig. 5 . Injection and depinning field as a function of notch depth for different wire widths (t = 10 nm). Let us note that the points labelled "*" indicate that domain walls are not observed to simply pass through the notch, but that a rotation of the wire segment after the notch occurs nucleating a new domain wall, followed by the ejection of a remaining 360
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5 nm thick wires) [20] , which are replotted as an inset to Fig. 3 . It can be understood by the decrease in magnetostatic energy (associated with stray field emanating from a transverse wall at the wire edges) and exchange energy (due to closely-packed misaligned spins) relative to the Zeeman interaction (the net scalar product of the local magnetic induction and magnetization). A further point of practical importance is the sharp increase of the depinning fields for wires only 100 nm wide. In memory devices reliant upon the generation of local magnetic fields by strip lines the current required to produce such high fields may cause significant device heating.
In the wider wires (w ≥ 600 nm, t = 10 nm) we observe the initial onset of the Walker breakdown when a vortex core enters the wire from the upper side. In the short wires we see that the magnetization moment of the leading edge of the vortex wall (the side which first interacts with the notch) is still determined by the transverse field direction, meaning that the local pinning interaction at the notch is similar. As the vortex wall is forced into and through the notch during depinning, the wall structure transforms to a transverse wall boundary.
The thickness dependence of injection and depinning fields (only shown for "up" walls) is shown in Fig. 4 for two widths of wire, 200 nm and 400 nm. Thicker wires have larger injection and depinning fields for both widths of wire, but a simple power law is not observed. In thicker wires the tilting of magnetization out of the plane of the wire becomes less energetically expensive, and the domain wall structure no longer forms an ideal Néel wall. In very thick wires it may no longer be valid to exclude variation of magnetization through the wire thickness. One point of interest is that in a 3 nm thick wire (expected to contain an ideal Néel wall), a domain wall is injected into a 200 nm wire at approximately the same field as it is depinned from a 200 nm constriction created by a 50% notch in a 400 nm wire, indicating the dom-inant effect that the wire width has in controlling the wall depinning field in nanowires. In Fig. 5 the constriction width (i.e. the wire width minus the notch depth) is therefore used as the independent variable. Figure 5 shows the influence of the notch constriction width on the strength of the pinning for three different widths of wire. As may be intuitively expected, wider constrictions offer a lower potential barrier to domain wall propagation for all widths of wire. The depinning fields for the two narrowest constrictions in the 400 nm wire (labelled "*") are low, because simulations show the nucleation of a second domain wall in the final segment of the wire, rather than simple passage of the domain wall through the constriction.
Summary and conclusions
Using micromagnetic simulations domain wall injection and chirality-dependent pinning and depinning in notched Ni 81 Fe 19 nanowires have been surveyed as a function of wire thickness, width and notch depth. We observed strong chirality dependent pinning over a range of wire widths. As wire width, w, decreased from 800 nm to 100 nm the injection and depinning fields increased following a 1/w trend. In contrast, as wire thickness decreased from 20 nm to 3 nm the injection and depinning fields also decreased. Shallower notches provided weaker pinning sites, but very deep notches in wide wires (400 nm) effectively prevented domain wall passage even under high axial fields, and a re-nucleation event occurred beyond the notch.
This study considered relatively short nanowires (because of the long computing time needed to model larger structures) and our results are directly applicable to magnetic elements ≈ 10 µm in length, but the main conclusions on the pinning strength of notch constrictions are valid for much longer nanowire structures if the Walker breakdown is prevented. There are clear implications for a memory device based upon chirality dependent pinning in nanowires with multiple notches. The largest absolute margin between domain wall injection and the field at which chirality dependent pinning is overcome occurs in narrow, thick wires, but the generation of the large localized fields needed to saturate the narrowest wires is technically challenging. This may be compensated for by reducing the wire thickness, which will lower the injection and depinning fields.
